To determine the effects of acute myocardial infarction on the regulation of angiotensin II (Ang II) receptors and contractile performance of left and right ventricular myocytes, coronary artery ligation was surgically induced in rats, and Ang II receptor density and affinity and the mechanical properties of surviving muscle cells were examined 1 week later. Physiological determinations of cardiac pump function revealed the presence of ventricular failure, which was associated at the cellular level with a depression in the velocity of myocyte shortening and relengthening, a prolongation of time to peak shortening, and a reduction in the extent of cell shortening. These abnormalities in single-cell function were more prominent in left than in right ventricular myocytes. Cellular hypertrophy was documented by increases in cell length and width, which were also greater in the spared myocytes of the infarcted left ventricle.
However, it remains to be determined whether the nature of the mechanical stimulus on myocytes selectively activates specific surface receptors, which may engender the addition in parallel of contractile elements, i.e., pressure hypertrophy, the in-series addition of sarcomeres (volume hypertrophy), or both.3 On the basis of observations showing that stimulation of surface a1-adrenoreceptors in vitro induces hypertrophy of neonatal4 and adult5 cardiac myocytes, increases the rate of myosin light chain-2 transcription,6 and mediates a transcriptional change in sarcomeric actin isoforms,4 transduction of signals via this receptor and its effector pathway were examined 1 week after myocardial infarction and left ventricular failure. 7 The reactive hypertrophic growth adaptation of viable myocytes was found to be accompanied by an enhanced norepinephrine-stimulated phosphoinositol turnover and upregulation of the fetal sarcomeric actin isoform.7 These findings provided a construct for the hypothesis that a1-adrenoreceptors, singularly or in concert with other growth-promoting factors, may regulate myocyte hypertrophy. On the other hand, if the a1-adrenoreceptor controls only one component of the changes in myocyte length and diameter, other surface receptors may be implicated in the modulation of myocyte growth. Although the demonstration of angiotensin II (Ang II) as a mediator of cell growth in adult cardiac myocytes is lacking, observations of in vitro systems8'9 and of the effects of converting enzyme inhibition on pressure-overload hypertrophy10"1 strongly suggest that Ang II receptors may be implicated in the regulation of growth in these cells. Cardiac hypertrophy produced by renal and mechanical hypertension, which involves a lateral expansion of myocytes, may be fully prevented by the administration of angiotensin converting enzyme inhibitors at doses that do not affect the magnitude of the afterload.10,"1 In addition, a functional cardiac renin-angiotensin system appears to be a potential mediator of myocardial hypertrophy, and it seems to operate independent of circulating plasma Ang II levels.11-13 By inference, Ang II receptors may be responsible for the increases in myocyte diameter generated by the elevated afterload stress after infarction. Therefore, to characterize the role of these receptors in the setting of myocardial infarction, Ang II receptors were identified by radioligand binding, and signal transduction via these receptors was determined in left and right ventricular myocytes 1 week after coronary artery occlusion. This approach required the enzymatic dissociation of myocytes, which precluded the assessment of cardiac dimension of the intact heart. Such a limitation constrained the derivation of ventricular wall stress, which has been postulated to be an important determinant of myocyte growth. Thus, the evaluation of myocyte morphology was used in the present study as an index of the nature of the prior mechanical load on ventricular myocytes after infarction. The 7-day time interval was selected to expand the previous findings for a,-adrenoreceptors in this animal model.7
Materials and Methods

Myocardial Infarction
Male Sprague-Dawley rats weighing approximately 280 g were used for the surgical induction of myocardial infarction. Under ether anesthesia, by means of a procedure previously described,1'2,7 the thorax was opened, and the heart was exteriorized by applying a light pressure on the abdomen. The left coronary artery was ligated near its origin, the chest was closed, and the animals were allowed to recover. Sham-operated rats were similarly treated, with the exception that the ligature was not tied. In view of the objective of the present study in which ventricular failure was the end point, large myocardial infarcts had to be obtained, and this phenomenon was accompanied by nearly 60% mortality.
Ventricular Pressure Dynamics
One week after surgery and just before they were killed, the animals were anesthetized with chloral hydrate (300 mg/kg i.p.), and the right carotid artery was cannulated with a microtip pressure transducer catheter (model PR 249, Millar Instruments, Houston, Tex.). After monitoring arterial blood pressure, the transducer was advanced into the left ventricle for the evaluation of left ventricular pressures and dP/dt. An additional microtip pressure transducer with 1200 curved tip was inserted in the right jugular vein and advanced through the superior vena cava and the right atrium into the right ventricular chamber for the measurements of right ventricular pressures and dP/dt.1,2
Systemic Flow Measurements
After completion of ventricular pressure measurements, the rats were respirated with room air. A thoracotomy was performed, and a calibrated ultrasonic silastic flow probe (model DGF-11OA-CP, 10 
Myocyte Isolation
Calcium-tolerant myocytes were isolated according to a previously described procedure.17 '18 In brief, rats were heparinized (500 units i.p.) and killed by decapitation. Hearts were excised and placed on a stainless-steel cannula for retrograde perfusion through the aorta. Each ventricle was separated and further processed to obtain muscle cells from each side of the heart. '7 The solutions were supplements of Joklik modified Eagle's minimal essential medium (MEM) (DMC317, K.C. Biological). HEPES-MEM contained (mM) NaCl 117, KCl General measurements of myocyte geometric dimensions were accomplished through the aid of a computerized image analysis system (Morrell Instruments, Long Island City, N.Y.). The 20 myocytes from the left and right ventricles of each animal were measured to obtain length and width. Moreover, cell volume was derived from these geometric parameters (see below). The distribution of myocytes isolated from the ventricles was divided according to the fraction of cells in an established range of lengths. The range of lengths used in the present study was from 60 to 220 ,um. Histogram buckets were then established with a size of 10 ,um, and frequency distribution histograms were constructed by plotting the percentage of cells on the ordinate and cell length range on the abscissa. After construction of the cell-length histograms, a gaussian curve was fit to the data by calculation of the probability density function of each ordinate value, f(y), from the mean and standard deviation and plotting f(y) against the range of cell lengths.17'8 A similar approach was followed for the analysis of cell width, which corresponds to the major axis described below.
When placed in physiological medium, isolated cells assume a cross-sectional area that resembles a flattened ellipse. On average, the minor axis of this ellipse was one-fourth that of the major axis. The ratio between the major and minor axes was determined by focusing on the edge of the myocyte in the cell bath. Cell volume (Vc) was calculated on the basis of an elliptical cross section with a major axis that was equivalent to cell width and a minor axis that was one fourth of the major axis, whereas cell length (L) was measured directly. interface were aspirated, and 50-pl aliquots of the chloroform layer were evaporated to dryness and counted in 10 ml organic counting scintillant (Amersham). The results were expressed as the fraction of the total radioactivity incorporated, which was converted to [3H]inositol phosphates. Eight sham-operated and 12 infarcted rats were used in this part of the investigation.
Myocardial Infarction and Ang II Receptor Antagonist
Five infarcted rats were exposed to a dose of 2 mg/kg body wt L-158809 in the drinking water immediately after surgery and throughout the 7-day experimental period. Subsequently, the hemodynamic characteristics were established and, after myocyte isolation, average cell length and width were determined as described above.
Statistical Analysis
Values are reported as mean+SD. Comparisons between values were performed by a two-tailed unpaired the investigation. P<0.0001).
The pumping ability of the right side of the heart after infarction is also shown in Table 1 . In a manner comparable to that observed in the left ventricle, right ventricular end-diastolic pressure was markedly increased (4.4-fold) in experimental animals. Compared with the left ventricle, peak systolic pressure in the right ventricle was found to be elevated in infarcted hearts (17%). The combination of these changes led to a 3% reduction in right ventricular developed pressure, which, however, was not statistically significant. Moreover, the right ventricular peak rate of pressure rise was decreased 16%, whereas the peak rate of pressure decay was unaffected in rats exposed to coronary artery occlusion. In contrast, central venous pressure was elevated with infarction. Figure 1 , the distribution of myocyte length from control left ventricles (panel A) differed from that obtained from myocytes isolated from infarcted left ventricles (panel C). In the former case, most cell lengths were clustered around the mean value, although some scatter was apparent. After myocardial infarction, cell length in the surviving left ventricular myocytes was more widely dispersed. In addition, the peak of the curve was shifted toward higher values. When these data were combined to yield average cell length dimension, this parameter was found to be 121±12 ,um in sham-operated rats and 139±13 gm in experimental rats. The 14.4% increase with infarction was statistically significant (p<0.005).
A comparable analysis performed on right ventricular myocytes from control ( Figure 1B ) and experimental ( Figure 1D ) rats demonstrated that myocardial infarction minimally affected cell length on this side of the heart. This is reflected by no apparent shift in the distribution of myocyte lengths and in their clustering pattern. Mean myocyte length was 120+14 and 128+10 ,um in control and infarcted hearts, respectively. The modest 7% increase with infarction was not statistically significant. Figure 2 illustrates Myocyte Mechanical Characteristics Figure 3 shows the changes in myocyte cell shortening between sham-operated and infarcted rats. Since differences in cell length were found after infarction (Figure 1 ), myocyte shortening was expressed as a percent of overall myocyte length. By this approach, it was determined that cell shortening was decreased 44% (p<0.0001) in left ventricular myocytes of infarcted hearts ( Figure 3A) . The corresponding change in right ventricular myocytes was 10%, but this depression in cell shortening did not attain statistical significance ( Figure 3B ). These alterations in cell shortening were accompanied by an increase in time to peak shortening, which was more pronounced in myocytes obtained from the infarcted left ventricle (46%,p<0.0001) than in myocytes isolated from the noninfarcted right ventricle (9%, p<0.004) (Figures 3C and 3D) . The results illustrated in Figure 5 L-158809. Ang II was capable of stimulating the generation of inositol phosphates in enzymatically dissociated adult rat myocytes. Since practically identical results in the formation of inositol phosphates were obtained from myocytes isolated from sham-operated control rats, these data are not shown. In view of the fact that pharmacological doses of Ang 11 (100 ,uM) were necessary to stimulate phosphoinositol turnover in myocytes in vitro, a doseresponse curve with the AT1 receptor antagonist L-158809 was performed to demonstrate the specificity of this reaction. As illustrated in Figure 8 , L-158809 at equimolar concentration completely abolished the generation of total inositol phosphates produced by Ang II. In summary, ventricular myocytes possess a functional AT1 receptor subtype.
Ang II-Stimulated Phosphoinositol Turnover and Myocardial Infarction Figure 9 illustrates the effects of myocardial infarction on the generation of total inositol phosphates in left and right ventricular myocytes. Ang II was found to stimulate phosphoinositol turnover by 14% in left myocytes of sham-operated rats and by 52% in the corresponding muscle cells of experimental rats. This difference implies a 3.7-fold increase in the magnitude of formation of inositol phosphate after infarction. An identical analysis for right ventricular myocytes showed that the percent increments in phosphoinositol turnover were 20% and 49% in control and infarcted hearts, respectively. Thus, in the right side, myocardial infarction was associated with a 2.5 -fold augmentation in the generation of inositol phosphates. When the changes in phosphoinositol turnover between the ventricles after infarction were examined, the accumulation of inositol phosphates in left and right myocytes was found to be comparable.
The absolute values obtained during the calculations of the percent changes depicted in Figure 9 were as follows: for sham-operated rats, left myocytes=292+48 (basal) and 331+±45 (stimulated) and right myo- 
Discussion
Findings in this study indicate that myocardial infarction resulted in global cardiac failure, which also involved alterations in the mechanical properties of individual myocytes of both ventricles. Myocyte performance was depressed, as evidenced by a decrease in the velocity of cell shortening and relengthening and a prolongation of time to peak shortening. Moreover, peak shortening was reduced. Structurally, myocyte hypertrophy occurred in left and right ventricular muscle cells through increases in myocyte diameter and length. These functional and morphological adaptations at the cellular level were accompanied by an upregulation of surface Ang II receptors and by an enhanced phosphoinositol turnover in myocytes biventricularly. Thus, acute myocardial infarction leads to abnormalities in cell contractility and changes in myocyte size and shape that are consistent, at least in part, with pressure-overload reactive hypertrophy. These configurational and mechanical characteristics appear to be associated with activation of Ang II receptors and their effector pathway, which may be implicated in the modulation of the growth response of the remaining viable cells after infarction. However, a relation between mechanical stresses and regulatory modifications of Ang II receptors on myocytes after infarction cannot be claimed at this time.
Myocardial Infarction, Ventricular Loading, and Myocyte Hypertrophy
The current results demonstrate that, 1 week after coronary artery ligation, left ventricular pump function was severely compromised and right ventricular hemodynamic performance was also depressed. These observations are consistent with previous findings in which the hemodynamic profile of the infarcted left ventricle has been shown to be characterized by a marked elevation in diastolic and systolic stress on the surviving myocytes 7 days after infarction. ' It has recently been documented that the rat myocardium possesses both AT, and AT2 receptor subtypes.37
In addition, each receptor subtype has been shown to account for 50% of the specific binding. Thus, these observations appear to be in contrast with the result of the current study in which myocytes have been demonstrated to exhibit exclusively the AT, receptor subtype.
This apparent contradiction may be explained by the fact that the cited work was performed on the entire ventricular tissue without separating the myocyte compartment from the vascular and interstitial components of the myocardium. However, it cannot be excluded that the myocyte isolation procedure may have altered receptor density. On the other hand, it would seem unlikely that the AT2 receptor subtype would be affected more than the AT, receptor subtype.
Myocardial Infarction, Ang II Receptors, and Signal Transduction An upregulation of Ang II receptors occurred in the viable myocytes of the left and right ventricles 1 week after coronary occlusion. In view of the postulated role of Ang II as a growth factor for several cell systems, including cardiac myocytes,8,9,38,39 the enhanced expression of Ang II surface receptors may facilitate the transduction of signals via these receptors, influencing the metabolic and growth properties of surviving myocytes. In addition, stimulation of Ang II receptors by ambient and/or circulating Ang II may exert a positive inotropic effect on myocytes by increasing transmembrane calcium conductance.404' Ang II may also affect voltage-dependent sodium channels,42 enhancing the contractile ability of myocytes through an increase in the rate of tension development of these cells.40 It should also be acknowledged that Ang II may exert its action on the myocardium indirectly by increasing the release of neurotransmitters from adrenergic cardiac presynaptic nerve terminals.43 On the other hand, a negative inotropic effect of Ang II has also been documented in adult rat myocytes. 44, 45 The multiple biological actions of Ang II in myocytes render the distinction of each property very complex in an in vivo system and in pathological states in particular. The alterations in myocyte cell function and the initiation of reactive hypertrophy in the surviving muscle cells complicate the recognition of whether the increased expression of Ang II receptors is involved in growth mechanisms, the mechanical support of contractility, or both. However, the Ang IT-mediated inotropic property remains in question and does not appear to be dependent on intermediates of the phosphoinositol pathway.34,35,46 Therefore, to provide supportive evidence for the role of Ang II receptors on myocytes after infarction, the generation of intracellular second messengers via agonist-stimulated hydrolysis of membrane-bound phosphoinositides was measured. The present results indicate that inositol phosphate formation in the presence of Ang II was increased biventricularly in myocytes after infarction. It should be recognized that the documentation in vitro of elevated phosphoinositol turnover does not necessarily imply that a similar phenomenon may be operative in vivo. Moreover, the increase in agonist-stimulated inositol phosphate generation after myocardial infarction simply indicates that Ang II receptors on myocytes are functional and may respond to local or circulating levels of Ang II. These findings cannot be interpreted as evidence for a trophic effect of Ang II on myocyte growth. On the other hand, this contention appears to be supported by observations demonstrating the ability of Ang II to induce early growth response gene 1 and to activate the nuclear proto-oncogene c-fos in myocytes. 35 In addition, an increase in angiotensinogen gene expression47 and converting enzyme activity13 have been documented in the surviving myocardium after acute occlusion of the coronary artery. Although the treatment with the AT, receptor antagonist L-158809 tended to reduce the magnitude of myocyte size after infarction, which would favor a role for this receptor subtype on cellular hypertrophy, the concomitant alteration in the loading state on the myocardium complicates the interpretation of these results. Therefore, we cannot establish whether the impact of this agent on cellular morphology depends on a direct action on the viable cells or is mediated indirectly by the interference with the systemic and ventricular hemodynamic characteristics of the heart after infarction.
It has repeatedly been shown that left ventricular hypertrophy in the infarcted heart is accomplished by a prevailing increase in myocyte length, whereas right ventricular hypertrophy is generated by the lateral expansion of myocytes only.'-3 These differential adaptations have been claimed to reflect variations in ventricular loading.'-3 Although a direct relation between the characteristics of the overload and the stimulation of the cardiac renin-angiotensin system cannot be established at present, the possibility may be advanced that systolic wall stress abnormalities may be associated with the activation of Ang II receptors on the surface of the cells that modulate the synthesis of new myofibrils in parallel and the expansion in the transverse diameter of myocytes. This notion finds support in the capability of angiotensin converting enzyme inhibitors to prevent cardiac hypertrophy induced by pressure overload without altering the magnitude of the afterload.10"l Conversely, in the presence of large infarcts in rats, these agents cannot abrogate the extent of ventricular dilation that occurs chronically4849 through the progressive increase in myocyte length.'-3 As documented in the present study, increases in myocyte cross-sectional area involved both left and right ventricular myocytes, whereas the expansion in myocyte length appeared to be restricted to left myocytes. Since myocyte hypertrophy in the infarcted left ventricle has been linked, at least in part, to the activation of surface a,-adrenergic receptors,7 it seems reasonable to infer that Ang II and a,-adrenergic receptors may modulate the growth response of left myocytes, whereas Ang II receptors may condition right myocyte hypertrophy.
